Abstract: Ground resistance gives a substantial contribution to the transient response of overhead transmission lines. While the late-time behaviour of the ground transient resistance has been understood quite well, the same cannot be said of early-time behaviour. In this paper, we investigate the early-time behaviour using a high-frequency expansion of the ground impedance in a Taylor series and derive a compact closed-form analytical expression for it. This expression can be used for the transient analysis of transmission lines in a computationally efficient way. .
INTRODUCTION
As it has been widely recognized, ground impedance has a profound effect on the transient response of overhead transmission lines to external disturbances like lightning discharges [l, 21 . This impedance is dispersive in nature, i.e., time and frequency dependent and an accurate prediction of transient phenomena on the lines depends heavily on the accuracy of its model. While several closed-form ground impedance models are available for the overhead transmission line in the frequency domain, only numerical or grossly approximate closedform models are available in the time domain. Given that transient analyses are carried out in the time -domain, the ground impedance (frequency-domain function) must be transformed into the time domain giving the "ground transient resistance" function, which is the quantity used for the analysis of the transmission line response. Unfortunately, it is not possible to obtain an analytical form of the transient resistance in the general case and one must resort to numerical techniques for accurate prediction of the transient behaviour over extended time intervals. This results in a computationally intensive process with little if any insight -into the physics of the problem.
In order circumvent the computational limitation and to gain some physical insight into the effect of ground impedance on the transient response of overhead lines at various time intervals, it is preferable to have an analytical closedform representation of the ground transient resistance. In this context, the low-frequency approximation of the ground impedance is employed, which, as was first demonstrated by Timotin [3] , allows one to obtain a closed-form analytical representation of the transient resistance. While this results in significant savings in computational resources and despite its wide acceptance, this approach has a major drawback: the early-time behaviour of the transient impedance is incorrectly predicted [4] . In fact, the low-frequency approximation gives a divergence of the kind 1 /& for t+O [ 11. Further more, the general model (without low-frequency approximation) predicts that the transient resistance + constant for t+O [4] .
Although this divergence does not present a problem for numerical analysis [l, 51, it gives the wrong physical picture and may result in inaccurate predictions.
Thus, the study of the early-time behaviour is of significant importance for accurate analysis of transient phenomena in overhead transmission lines. In this paper, we further develop the approach reported in [4] and show that, using the highfrequency expansion of the ground impedance in Taylor series, it is possible to obtain a compact closed-form analytical expression for the early-time behaviour of the ground transient resistance, which can be further used for the transient analysis of transmission lines in a computationallyefficient way. Detailed analysis of the accuracy of high and low-frequency approximations show that none of these approximations provides a satisfactory accuracy in the "intermediate" region (i.e., when the time is already not "early" but still not "late"). This region is the most difficult one to predict accurately because neither approximation alone (high frequency or low frequency) gives satisfactory results. The size and position of this region depends on the transmission line geometry and the earth electrical parameters (dielectric constant and conductivity).
Thus, some combination of these two approximations is required for accurate predictions in this region.
GROUND IMPEDANCE ANDITS Low-FREQUENCY APPROXIMATION
Per-unit-length ground impedance in the frequency domain for a single wire located at height h above ground within the transmission line approximation (i.e., neglecting the radiation effect) is where rg is the propagation constant in the ground, Yg = JjWPo~, -rn2P0Eg , (2) og -is the ground conductivity, -is the ground permittivity, p~ -is the permeability of the free space. The electric field component due to the ground impedance is
where Z(u) is the line current. In the time domain, this equation takes the following form: e g ( t ) = z g ( t ) * i ( t ) ( 
4)
where zg(t) denotes the inverse Fourier transform of Z',(w), and '%" denotes the convolution. The so-called ground transient resistance, which is given by the inverse Fourier transform, can also be used for e, ( t ) calculation,
The term "ground transient resistance" is used for t ( t ) because it is a time-domain function and its dimension is Ohmsfmeter [2, 6] . For a low-frequency approximation, when
and only the first term in (2) As it is pointed out in [l, 5, 61, (8) has singular behavior at t=O, and
But the following question arises: is this singularity a physical one or is it a consequence of the low frequency approximation ? As it has been shown in [4] , the source of this singularity is the lowfrequency approximation and it does not exist if 50)
is calculated without the low-frequency assumption. Below we consider this issue in more detail.
'Ih\lErDOM LJIWTATION OF THE LOW-FREQvnvcY APPROXIMATION
Due to the fundamental property of the Fourier transform, (8) is not valid for small values of t because it has been obtained in the low-frequency approximation [4] . We will explain it using the following example If Y(u) is a constant, then y#=O for all t # 0 (due to the oscillating factor e'"' in the integrand in (1 1)). If Y(w) is not a constant but it varies slowly enough in comparison to d W t , then the infinite integration limits can be reduced to the finite ones since the integration subinterval for which /uft>>l does not give a substantial contribution to the total integral due to the fast-oscillating factor d& ; the subinterval for which /y/t<l does give a substantial contribution since the factore'& does not oscillate in this subinterval. Further we will carry out simple order-of-magnitude calculations. Taking into account the considerations given above, (1 1) can be reduced to 
Using (l), (2), (1 5) and (1 6), one obtains Based on this inequality, one obtains the following: The obvious solution is to use the linear approximation for k(t) between the points t = 0 (Eq. (17)) and t = t-(Eq. obtained using the following approach. First, we transform (1) to the following form: with the 1' ' and Pd order approximations (Eq.(24) with one and two terms correspondingly). The 1' ' order approximation provides better accuracy over the entire frequency range, and the Td order approximation provides better accuracy in the high-frequency region (however, its accuracy in the low frequency region is worse).
In the high-frequency region, ' .
? i 80:
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0 .
- Thus, one may expect that the 2nd order approximation will provide better accuracy in the early-time region. Note that the accuracy of (24) is much better for higher ground conductivity, especially for the ground impedance magnitude (Fig. 2b) . .-
when the wavelength is higher than the system's transverse dimension (the wire's height), 
CONCLUSION
In this paper, we have considered the early-time behaviour of the ground transient resistance of overhead lines. Using the integral representation of the ground impedance in the frequency domain (within the transmission line approximation), we have derived approximate closed-form expression for the transient resistance in the time domain. Keeping in mind that the numerical computations using an FFT algorithm require for a large number of samples (typically, few millions), these approximations may provide substantial reduction in computational power. Additionally, they provide a physical insight into the early-time behviour 
